ABSTRACT Oxygen is one of the critical determinants of appropriate embryonic and fetal development, including cardiogenesis. When the demand of tissues for oxygen exceeds oxygen supply, hypoxic conditions develop. In the developing embryo, hypoxia is associated with increased fetal mortality, cerebrovascular anomalies, cardiovascular dysfunction, and altered angiogenesis. Tissue hypoxia may elicit a broad range of responses, many of which are dependent upon hypoxia-inducible transcription factors. Three genes that are stimulated by hypoxiahypoxia-inducing factor subunit α-1, heme oxygenase, hypoxia upregulated protein 1, and cardiac troponin T, which is responsible for binding tropomyosin to regulate calcium binding and contractility of heart muscle-were examined in the embryonic heart of the chicken to deter-
INTRODUCTION
The development of the avian embryo is supported by 3 gas exchange organ systems: the yolk sac, chorioallantoic membrane, and the lungs. The vascular portion of the yolk sac is the principal gas exchange organ during early development (Baumann and Meuer, 1992) . At approximately embryonic day (E) 8, the allantoic sac develops and fuses with the chorion to create the chorioallantoic membrane (CAM; Wangensteen and Rahn, 1970-1971) . This highly vascular structure, in conjunction with the porosity of the eggshell, permits diffusion of oxygen and carbon dioxide between the environment and the blood, thus replacing the yolk sac as the primary source of oxygen uptake (Tullett and Deeming, 1982) . Toward the end of incubation at approximately E19, the embryo pierces the air sac membrane with its beak internal pipping (IP), and after a period, which in the chicken embryo is approx-1 Corresponding author: chris_ashwell@ncsu.edu 2384 mine if expression patterns were altered throughout development. On embryonic day (E) 7, all 3 hypoxic-induced genes were expressed at their highest levels, followed by a decrease from E7 to E19 followed by an increase between internal (E19) and external pipping (E20). The cardiac troponin T exhibited a similar expression level for E7 and E15 with a similar significant increase at E19 and E20. During these periods of development, significant changes in the primary gas exchange organs occur. Based on our observation of upregulation of these hypoxia response genes, it appears that tissue hypoxia is likely a normal component of embryonic development in the chicken based on the upregulation of hypoxia response genes.
imately 24 h (Dawes, 1981; Burton and Tullett, 1985) , it begins to rupture the eggshell external pipping (EP). In the chick embryo, breathing-like movements, and therefore the initiation of pulmonary air convection, begin at the onset of IP (Vince and Tolhurst, 1975; Dawes, 1981) .
During this final phase of in ovo development, air convection occurs in conjunction with 2 gas exchange organs operating together, the CAM and lungs. Fifteen hours before hatching, there is a decline in the allantois gas exchange and regression of the CAM (Visschedijk, 1968a,b,c) , and the embryo shifts to dependence on oxygen provided by the lungs (Menna and Mortola, 2002) . This mismatch between the increasing metabolic rate of the embryo and the reduction in the CAM gas transfer capabilities is considered a key parameter in the timing of the hatching process (Pettit and Whittow, 1982) . As the embryo develops, the restrictions imposed by the fixed gas conductance of the shell and the limited diffusion capacity of the CAM result in increasing diffusion gradients for O 2 and CO 2 (Pettit and Whittow, 1982) . Eventually, the capacity for diffusion of adequate O 2 and exchange of CO 2 without inducing hypoxia and acidosis is exceeded. It has been demonstrated that the time of EP in the chicken is accelerated by decreased oxygen content as well as increased CO 2 content in the air space (Visschedijk, 1968a,b,c) .
Oxygen tension is one of the critical determinants of appropriate embryonic and fetal development, including cardiogenesis (Sugishita et al., 2004a,b) . When the demand of the tissues for oxygen exceeds the oxygen supply, hypoxic conditions develop. In the developing embryo, hypoxia is associated with increased fetal mortality (Chan and Burggren, 2005) and is known to cause decreased birth weight, cerebrovascular anomalies, cardiovascular dysfunction, and altered angiogenesis (Sharma et al., 2006) . Wikenheiser et al. (2006) found that the embryonic chicken heart becomes exceedingly hypoxic, specifically during ventricular septation.
Tissue hypoxia may elicit a broad range of responses, many of which are dependent upon hypoxia-inducible transcription factors (HIF; Guillemin and Krasnow, 1997) . The HIF are heterodimeric transcription factors consisting of inducible (HIFα-1, -2, -3) and constitutive subunits. The activity of HIF is largely determined by the induction of the HIF-α subunit in response to hypoxia. The HIF target and regulate the expression of more then 60 genes involved in diverse processes that are crucial for the hypoxic response, such as angiogenesis, anaerobic glycolysis, and cell survival (Koumenis and Maxwell, 2006) . In this study, 4 genes-hypoxia-inducing factor subunit α-1 (HIF1), heme oxygenase (HO1), [expressed in response to a panoply of stimuli that are associated with oxidative stress and inflammation, including hypoxia (Dawn and Bolli, 2005) ], hypoxia upregulated protein 1 (HYOU1), also known as ORP150 (induced by hypoxia and thought to have an important cytoprotective role in hypoxia), and cardiac troponin T (cTnT; responsible for binding tropomyosin to regulate calcium binding and contractility of heart muscle)-were examined in the embryonic heart of the chicken to determine if expression patterns were altered throughout development. Samples were collected at E7 (before CAM development), E15 (CAM developed), E19 (IP), and E20 (EP) to capture the periods in incubation in which there is transition from the main gas transport organs, yolk sac to CAM to lung, and the potential for hypoxia to occur.
MATERIALS AND METHODS

Tissue Collection
Fertilized chicken eggs were obtained from a broiler line. The eggs were incubated at 37.8°C in a moist atmosphere and turned automatically every hour. Four times during incubation [E7, E15, E19 (IP), and E20 (EP)], 6 eggs were randomly selected, broken out, and the embryos killed by decapitation. The E19 stage was verified and staged by determining if IP had occurred, before tissue collection. The E20 stage was identified by embryos that had EP. The heart was immediately removed, immersed in RNA-Later (Applied Biosystems-Ambion, Foster City, CA) according to the protocol of the manufacturer, and stored at −80°C.
RNA Extraction
Ribonucleic acid was extracted from individual hearts at the various developmental stages using a single-step, modified acid guanidinium thiocyanate-phenol-chloroform extraction method (Chomczynski and Saachi, 1987) . Briefly, 100 mg of heart tissue was homogenized in RLT Lysis buffer (Qiagen, Valencia, CA). The homogenate was then extracted with acidic (pH 4.2) phenol:chloroform:isoamyl alcohol (125:24:1). The resulting mixture was separated by centrifugation, yielding an upper aqueous phase that was then decanted and extracted with chloroform-isoamyl alcohol (49:1), yielding an upper phase containing total RNA. The RNA was precipitated by addition of an equal volume of 100% isopropanol for 2 h and subsequent centrifugation. The RNA pellet was washed with 75% ethanol and then resuspended in diethylpyrocarbonate-treated water. Amount and quality of RNA were determined by Nanodrop (NanoDrop Technologies, Wilmington, DE) spectrophotometry. Only RNA of sufficient purity, having an absorbance ratio A260/280 > 1.8, was considered for synthesis of cDNA.
Quantitative Real-Time PCR
Total RNA from individual hearts was reverse-transcribed to produce cDNA in a 20-L volume containing 1 g of extracted RNA. Reverse transcription was carried out using an iScript kit according to the protocol of the manufacturer (BioRad, Hercules, CA). The reaction was incubated at 25°C for 5 min followed by 30 min at 42°C and 5 min at 85°C. Individual cDNA were diluted 1:20 before amplification. The mRNA expression levels of HIF1, HO1, HYOU1, and cTnT were analyzed by quantitative real-time PCR using the BioRad iQ instrument and with the iQ-SYBR Green Supermix kit using the protocols of the manufacturer.
Gene-specific primers were designed using Beacon Designer software (Premier Biosoft International, Palo Alto, CA) for SYBR Green detection according to the published cDNA sequences for each of the studied genes (Table 1) .
Thermocycling parameters were as follows: 94°C for 5 min; 50 cycles of 94°C for 30 s, appropriate annealing temperature (Table 1) for 30 s, 72°C for 30 s; 72°C for 8 min. Fluorescence measurements were collected at every cycle during the extension step (72°C). Each gene was amplified independently in triplicate within a single instrument run. Standard curves were also generated to determine the efficiency of amplification by pooling undiluted cDNA from the heart samples across all ages and diluting the pooled cDNA to dilutions of 1:5, 1:25, 1:125, and 1:625. Cycle threshold (C t ) values were calculated for each sample automatically by the iQ software corresponding to the cycle in which amplification rate is maximal. Gene expression was normalized for RNA loading using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 18S ribosomal RNA (18S) as internal controls.
The n-fold change was calculated relative to that on E7 using the ⌬⌬C t method of Pfaffl (2001) efficiencies for both the experimental gene and GAPDH or 18S (internal controls).
Statistical Analysis
Data for the C t ratio from 6 random repeats (sample gene C t : sample GAPDH C t and sample gene C t : sample 18S C t ) during embryonic development were subjected to 1-way ANOVA according to the following model:
with embryonic age (E7, E15, E19, or E20) as the main fixed effects. The embryonic age was significant, and therefore, means of ages were compared using the Tukey test.
All statistical analyses were conducted using JMP software (SAS Institute, 2005) .
RESULTS
In this study, we evaluated the expression of 4 genes. Three of these genes are involved in the response to tissue hypoxia and 1 gene, cTnT, is involved in cardiac development and contractibility during embryonic heart development (E7, E15, E19 IP, and E20 EP). Gene expression levels were determined by analyzing the resulting C t values for each sample, normalizing to the level of GAPDH and 18S expression for the same RNA sample. The C t ratios (gene C t : GAPDH C t or gene C t : 18S C t ) for each of the genes in each of the developmental stages are shown in Table  2 . The lower the C t value, the lower the expression level; thus, the higher the C t ratio, the lower the normalized gene expression level. The effect of embryonic age on gene expression was determined by using 1-way AN-OVA, whereas differences in C t ratio between different embryonic ages were determined to be significantly different using the Tukey test (Table 2 ).
The embryonic age had a significant effect on the expression of all 4 genes ( Table 2) . Although the hypoxiainfluenced genes HIF1, HYOU1, and HO1 all had a similar pattern of expression, the expression pattern of cTnT was different. In all 3 hypoxic genes, there was a linear increase in C t value (decrease in fold change expression) between E7 to E19 with a significant difference in C t ratio between E7 to E19. From E19 to E20, there was a significant decrease in C t ratio (increase in fold change, Table  2 ). The cTnT exhibited a similar C t ratio for E7 and E15 (1.10, 1.08 normalized to GAPDH and 1.98, 1.90 normalized to 18S respectively), with a similar significant decrease in C t ratio on E19 and E20 (Table 2 ). There was no difference in the expression patterns of the 4 genes, which were identical regardless of which housekeeping gene the data were normalized to, either GAPDH or 18S.
DISCUSSION
As expected, cTnT expression was detected at all time points, in agreement with Antin and et al. (2002), who Means of the 4 sampling days normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) within each row (gene) without common superscript differ significantly (P < 0.05).
x,y
Means of the 4 sampling days normalized to 18S ribosomal RNA (18S) within each row (gene) without common superscript differ significantly (P < 0.05).
1
Significance level [Prob (F)], within each gene (model 1), of the difference between the means of C t ratio of E7, E15, E19, and E20 normalized to GAPDH and 18S (n = 6).
2 HIF1 = hypoxia-inducing factor subunit α-1; HYOU1 = hypoxia upregulated protein 1; HO1 = heme oxygenase; cTnT = cardiac troponin T.
3
Cycle threshold (C t ) ratios are shown as the ratio of the target gene/normalizer ± SE.
4
The n-fold change (FC) was calculated relative to that E7 using the ⌬⌬Ct method of Pfaffl (2001) including the efficiencies for both the experimental gene and GAPDH.
5
The n-fold change (FC) was calculated relative to that on E7 using the ⌬⌬Ct method of Pfaffl (2001) including the efficiencies for both the experimental gene and 18S.
detected cTnT expression as early as stage 4 in embryonic development. The increase in expression level from E7 to E20 is correlated with the growth and maturation of the embryonic heart from a simple tube to a 4-chambered organ that is responsible for blood flow in the growing embryo. These results were as expected for the periods of incubation sampled and serve as a methodological marker of normal heart development.
Our results showed that all 3 hypoxia-induced genes were expressed at E7. The relative expression of these genes, as compared with later time points, suggests the embryos were experiencing tissue hypoxia at E7. Our results are in agreement with those of Naň ka et al. (2006), who demonstrated that embryonic quail tissues experience hypoxia under normal conditions on E4 and E6. They found a correlation between the tissue hypoxia and increased expression of HIF1 and vascular endothelial growth factor (VEGF) on those days. Vascular endothelial growth factor is a significant signaling protein that regulates vasculogenesis and angiogenesis. Our study also demonstrated that the expression of GAPDH was not significantly altered throughout development in the chick heart, and this gene can be used as an internal standard similarly to 18S ribosomal RNA. There has been some evidence that GAPDH expression in the heart responds to induced extreme hypoxia (Zhong and Simons, 1999; Yamaji et al., 2003 ), but we found this not to be the case for apparent normal tissue hypoxia during developmental transitions in the chick embryo.
During the first week of embryonic development, the vascularized portion of the yolk sac is the principal gas exchange organ (Baumann and Meuer, 1992) . Oxygen during that time is carried by a primitive red blood cell (RBC) that originates from primary yolk sac erythropoiesis (Brown and Ingram, 1974; Moorman et al., 1987) . These primitive RBC lack a stem cell compartment, and their final number is determined by the number of cells that initially committed to the erythroid pathway. Unlike RBC of adult origins, primitive RBC enter the circulation as immature erythroblasts and complete their differentiation inside the circulation. Although these primitive cells have embryonic hemoglobins that have been found to have a higher oxygen affinity than the adult hemoglobins, their main function is to create and maintain an adequate oxygen pressure gradient inside the embryo (Baumann and Meuer, 1992) . The undifferentiated nature of the primitive RBC, their limited number, the low hemoglobin concentration of the blood, and the metabolic demands of the developing embryo may lead to tissue hypoxia. Tissue hypoxia is likely the reason why all 3 genes are expressed at E7 in the chick embryo. Tissue hypoxia is also likely the trigger for HIF1 induction, which can stimulate vascularization and angiogenesis of the CAM.
Our results show that there was a significant decrease in expression of the 3 hypoxia-inducible genes at E15 and a further decrease at E19. These reductions in gene expression may be a result of the CAM taking over as the major site for gas exchange beginning at the second week of incubation and supplying adequate oxygen to the embryo (Wangensteen and Rahn, 1970-1971) . As incubation and embryo development progress into the third week, increased oxygen consumption occurs. With the restrictions imposed by the fixed conductance of the shell and the limited diffusion capacity of the CAM, a hypoxic condition should evolve, and hypoxia-regulated gene expression will be elevated. However expression may not be elevated during the second half of incubation, due to the continuous increase of blood oxygen affinity in the embryo (Bartels et al., 1966) . The basis for this constant adaptation is provided by sequential changes in the total number of circulating blood cells (Tazawa, 1980) , their type, hemoglobin type (Chapman and Tobin, 1979) , and changes in the concentration of RBC metabolites that affect the affinity of hemoglobin for oxygen (Baumann et al., 1983) .
From the second week of development, RBC with embryonic origins enter the vascular system. These cells synthesize adult hemoglobins A and D (D has a higher oxygen affinity) initially at a 1:1 ratio, which then shifts to the adult 3:1 ratio later in development (Baumann and Meuer, 1992) . Furthermore, there is a rapid increase in the affinity of hemoglobin for oxygen during development. This is coupled with a decline in RBC nucleotide (adenosine triphosphate, uridine triphosphate, cytidine triphosphate) concentrations as the concentration of 2,3-bis-phosphoglycerate, a weak regulator of oxygen affinity, increases (Dragon and Baumann, 2003) . As a result of this complex series of changes, the oxygen capacity of the blood changes from approximately 8 cm 3 /100 mL at E10 to about 13 cm 3 /100 mL at E18 with blood oxygen saturation around 90% (Tazawa, 1980) . This adaptation to oxygen demand, the elevation in oxygen-carrying capacity, and the higher oxygen affinity of the heme may explain the significant decrease in expression of all 3 genes from E7 to E19 (IP). It appears that during this part of development, the embryo is less susceptible to hypoxia, and the CAM can supply most of the demand of the tissues for oxygen.
For all 3 hypoxia-induced genes, we found a significant upregulation between IP E19 and EP E20. These elevations in expression levels were likely induced by hypoxia that evolves during the 24-h gap between IP and EP. After the embryo internally pips the air sac, the respiratory system transitions from passive gas change by the CAM to active convective gas exchange via the lungs in preparation for hatching . During this period, a gradual hypoxia and hypercapnia develop due to the decline in the allantois gas exchange. Oxygen exchange by the CAM becomes the primary issue, rather than CO 2 , because the CAM resistance to CO 2 flow is about half that to O 2 . Any additional metabolic requirement by the embryo depends exclusively on what the lungs can provide, thus limiting the O 2 supply (Ar and Rahn, 1985) . Visschedijk (1968a,b) suggested that EP is stimulated by a decreased O 2 content and increased CO 2 content in the air sac.
The apparent hypoxic conditions that are occurring early in incubation at E7 appear to induce the expression of all 3 hypoxia response genes evaluated. Especially important is the increase in HIF1, which functions to regulate the expression of other genes, like angiotensin and VEGF, which play a crucial part in blood system development and the development of the CAM and other organs. Certain genes are upregulated by HIF1 in almost all cells that have been studied, including VEGF (Carmeliet et al., 1996; Ferrara et al., 1996; Tomanek et al., 1999) . Wikenheiser et al. (2006) showed that hypoxic sites in the myocardium expressed HIF1, suggesting elevated VEGF synthesis. The appearance of relatively hypoxic myocardium coincides spatiotemporally with the sites where the major coronary vessels will form. This leads to the hypothesis that hypoxia and the HIF1-regulated transcriptional responses are important for the formation and organization of vessels in the early embryo (Ryan et al., 1998) . Our results support this hypothesis for coronary vessel development by the appearance of higher HIF1 expression at E7 when increased angiogenesis is needed during the morphological change from the tube-based primitive heart structure to the multichambered mature morphology. This process may be timed precisely as part of the developmental mechanism using hypoxia as a trigger not only for cardiac development but also for stimulating the vascular development of the CAM and its role as the primary gas exchange organ. Recent findings also suggest that HIF1 has a role in normal coronary development, whereas mice deficient in HIF1 had hypovascularity of the heart, among other abnormalities (Huang et al., 2004) .
Our data along with others support the importance of hypoxia in normal embryo development and the potential for altering developmental processes through the manipulation of conditions, specifically the levels of oxygen at stages earlier in incubation than previously considered.
